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Driving simulatora b s t r a c t
Exploring the future mobility of older people is imperative for maintaining wellbeing and
quality of life in an ageing society. The forthcoming level 3 automated vehicle may poten-
tially benefit older people. In a level 3 automated vehicle, the driver can be completely dis-
engaged from driving while, under some circumstances, being expected to take over the
control occasionally. Existing research into older people and level 3 automated vehicles
considers older people to be a homogeneous group, but it is not clear if different sub-
groups of old people have different performance and perceptions when interacting with
automated vehicles. To fill this research gap, a driving simulator investigation was con-
ducted. We adopted a between-subjects experimental design with subgroup of old age
as the independent variable. The differences in performance, behaviour, and perception
towards level 3 automated vehicles between the younger old group (60–69 years old)
and older old group (70 years old and over) was investigated. 15 subjects from the younger
old group (mean age = 64.87 years, SD = 3.46 years) and 24 from the older old group (mean
age = 75.13 years, SD = 3.35 years) participated in the study. The findings indicate that
older people should not be regarded as a homogeneous group when interacting with auto-
mated vehicle. Compared to the younger old people, the older old people took over the con-
trol of the vehicle more slowly, and their takeover was less stable and more critical.
However, both groups exhibited positive perceptions towards level 3 automation, and
the of older old people’s perceptions were significantly more positive. This study demon-
strated the importance of recognising older people as a heterogeneous group in terms of
their performance, capabilities, needs and requirements when interacting with automated
vehicles. This may have implications in the design of such systems and also understanding
the market for autonomous mobility.
 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
The world’s population is ageing. The global population of older people aged 60 and above was 962 million in 2017, which
was 2.5 times as large as that in 1980 (382 million). By 2050, the figure is predicted to double to approximately 2.1 billion,
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ageing at an even faster pace (Musselwhite and Scott, 2019; ONS, 2020). In 1955, 16.25% of the UK population was aged 60
and over. This had increased to around 20% in 1985 and further grew to about 23% in 2015 (ONS, 2014). By 2030, the number
of people aged 60 and older will account for about 25% of the overall UK population (ONS, 2020). Driving is closely associated
with older people’s ability to maintain mobility, independence and wellbeing (Musselwhite, 2011; Emmerson et al., 2013; Li
et al., 2019c; Musselwhite and Scott, 2019). In the UK, travelling by car has become the dominant mode of transport for older
people. The percentage of trips by car among older people in the UK increased from 58% in 1998 to 69% in 2012, whereas the
percentage of trips as a driver by older people has grown from 38% in 1998 to 49% in 2012 (DfT, 2017).
Driving is a complicated activity requiring smooth interaction and the coordination of a number of physical, sensory and
cognitive functionalities on the part of the driver (Attebo et al., 1996; Karthaus and Falkenstein, 2016; Li et al., 2018).
Although older drivers generally have greater driving experience, good driving skills, drive cautiously (McGwin Jr and
Brown, 1999; Li et al., 2019c), a range of age-related functional impairments could negatively affect people’s safe driving
ability, including declines in sensory, cognitive and psychomotor functions as well as age-related fragility and frailty (Li
et al., 2003; Ferreira et al., 2013; Karthaus and Falkenstein, 2016; Sun et al., 2018; Howcroft et al., 2019; Ledger et al., 2019).
To compensate for the negative effects of these age-related functional impairments on driving, many older adults are very
cautious when driving (Li et al., 2019c) and a great number of them modify and regulate their driving behaviour so as to
reduce or avoid exposure to certain situations that they believe are difficult or potentially dangerous for them, for example,
driving in adverse weather conditions, driving at night, in busy traffic (Ball et al., 1998; Raitanen et al., 2003; Charlton et al.,
2006; Siren and Meng, 2013; Bellet et al., 2018). Older drivers have different opinions towards the concept of adopting self-
regulatory driving behaviour. Some older drivers have been found to be more likely to adopt self-regulatory driving beha-
viour compared to others. These include female older drivers, older old drivers aged 75 and over as well as older drivers
who had been involved in car collisions, those with objectively determined visual and/or cognitive impairments, kidney dis-
ease, cataracts or high blood pressure (Ball et al., 1998; Lyman et al., 2001; Charlton et al., 2006). However, some older dri-
vers do not support the idea of self-regulatory driving behaviour. Jette and Branch (1992) found that some older adults
insisted on carrying on driving for as long as they could and reducing driving by adopting self-regulatory behaviour may
not be a perfect and practical method to ensure safe driving among all older adults.
The ultimate level of self-regulatory behaviour is driving cessation. The most common reasons for driving cessation
among older drivers are medical issues as well as lack of confidence and increased nervousness while driving (Persson,
1993). Driving cessation could lead to a substantial decline in older drivers’ ability to travel anywhere at any time when they
want and need to (Kostyniuk and Molnar, 2008; Eby and Molnar, 2012). Reducing driving and driving cessation could have
negative impacts on older drivers’ mobility, independence, freedom and wellbeing, and are highly associated with increased
social isolation, symptoms of depression and reduced self-worth. Attention should be paid as a matter of urgency by the
whole of society to the subject of driving cessation in order to support older drivers so that they can effectively and smoothly
adapt to alternative transport modes to replace driving (Musselwhite, 2011).
Along with ageing trends in the global population, the development of vehicle automation systems could potentially have
a positive impact in enhancing mobility, accessibility and social inclusion for older people (Milakis and vanWee, 2020). Vehi-
cle automation systems can be classified into several levels based on different functionalities and capabilities (SAE, 2014).
Among these, the Level 3 automation system is an important innovation where control of the vehicle can be shared between
the automation system and human drivers (SAE, 2014; DfT, 2015). Vehicles equipped with level 3 automation systems are
able to perform full dynamic driving control, including steering, accelerating and braking, as well as monitoring the driving
environment. The driver must be present but is allowed to be completely disengaged from the driving task and can safely
engage in other non-driving related tasks. However, there are situations which the level 3 automation systems will not
be able to cope with, such as entering road-works area, or driving on a rural road without lane markings or without network
connections (Li et al., 2019c; Louw et al., 2019; Zhang et al., 2019a; Zhang et al., 2019b). In such situations the level 3 auto-
mated vehicle will initiate a takeover request to the driver and provide a sufficient lead time for them to take over control of
the vehicle. In order to ensure safety, the driver must successfully take over control of the vehicle within the lead time pro-
vided (SAE, 2014; DfT, 2015).
1.1. Older people and vehicle automation
Existing research about human interaction between the level 3 automated vehicles have reached a consensus that it is
imperative to not only focus on general drivers but also pay attention to the capabilities, needs and requirements of the
specific older driver cohort. The impact of age on people’s interaction with, perception of and requirements towards vehicle
automation systems has been well investigated by previous research. However, there is a consistent trend that existing
research has treated older people as a homogeneous group when studying their interaction with the level 3 automated vehi-
cle. The impact of age has been mainly investigated by comparing the performance and behaviour between an experimental
group of older people aged 60 years and over with a baseline group of younger people aged under 60 years old. For example,
Körber et al. (2016) carried out a driving simulator investigation with 36 younger drivers (mean age = 23.28 years) and 36
older drivers (mean = 66.67 years) to investigate the effect of age on takeover performance in a level 3 automated vehicle.
Participants were asked to perform tasks of verbally answering twenty questions presented on a hands-free mobile phone.
Although, no effect of age on takeover time was found, older drivers braked more frequently and harder, and left higher447
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3 automated vehicle, which was deemed to be due to their greater driving experience. In addition, Clark and Feng (2017)
conducted a driving simulator study with 35 participants aged between 17 and 81 years to study age differences in prefer-
ences for non-driving-related tasks (NDRTs) as well as takeover performance in a level 3 automated vehicle. Age differences
were found in preferences for non-driving-related tasks during automated driving. Older drivers performed more cautious
and stable takeovers than the younger drivers. In addition, Li et al. (2019b) found that older drivers exhibited slower reac-
tions and decision making than younger drivers when reassuming control from a simulated level 3 automated vehicle. Wu
et al. (2020) used the driving simulator to investigate the impact of performing NDRTs on driver drowsiness in level 3 auto-
mated vehicles with 12 younger (mean age = 24.6 years), 12 middle-aged (mean age = 43.9 years), and 12 older people (mean
age = 64.3 years). The latter were found to be affected differently by NDRTs compared to younger people, where performing
NDRT had no impact on older people’s drowsiness but worsened their takeover performance. Peng and Iwaki (2020) con-
ducted a driving simulator investigation exploring differences in driver behaviour when interacting with a level 3 automated
vehicle between 27 younger drivers (mean age = 28.1 years) and 27 older drivers (mean age = 73.0 years), where a significant
impact of age on driver’s visual attention and takeover performance was found. Huang and Pitts (2020) studied the influence
of age on the perception of takeover requests using different modalities and attention allocation during level 3 automated
driving with 24 younger drivers (mean age = 21.9 years) and 24 older drivers (mean age = 71.7 years). They found that older
people allocated their attention more to the road than the non-driving related secondary task compared with their younger
counterparts.
1.2. Regarding older people as a homogeneous group.
The cut-off point of 60 years of age has been widely accepted in referring to older people (WHO, 2016; UN, 2017; ONS,
2018; WHO, 2018) and it has been widely adopted by existing research about older people and advanced driver-assistance
systems (ADAS) and vehicle automation systems (Emmerson et al., 2013; Guo et al., 2013; Körber et al., 2016; Clark and Feng,
2017; Li et al., 2019d). However, individuals may have different functionalities and capabilities and therefore could experi-
ence different physical, mental and psychological conditions and thus have different needs for assistance when they age and
become referred to as old people (Berk, 2018; Li et al., 2019c). It is important to recognise that older people are not a homo-
geneous group (Alsnih and Hensher, 2003; Schoene et al., 2013; Su and Bell, 2013; O’Hern et al., 2015). Fail to recognise that
could potentially ignore the variation in the ageing process and the increased risks linked with continued ageing and thus
resulting in inequality among older people from different subgroups (Alsnih and Hensher, 2003; Schoene et al., 2013; Li
et al., 2019c). Previous evidence suggested that substantial variation in ageing process exists from the age of 70 years, result-
ing in more severe impairments and declines in such sensory, cognitive, and psychomotor functionalities among older peo-
ple from an older sub-group. For example, visual sensory functions decline with age, and those aged 70 and over experience
more significant reductions in the useful field of view compared with those aged 60 to 69 (Isler et al., 1997; Karthaus and
Falkenstein, 2016). Older old people also experience higher rates of hearing loss; for example, as many as 70% of people aged
80 experience noticeable impairments in their hearing (Murman, 2015; Karthaus and Falkenstein, 2016). Older age would
also lead to significant impairments in executive cognitive functionalities such as, decision making, problem solving, and
reaction planning as well as multitasking, and age-related impairments in concept formation, abstraction and mental flex-
ibility are particularly common among those aged 70 and over (Deaton and Parasuraman, 1993; Bigler, 2012; Murman,
2015). In addition, older old people tend to exhibit more significant declines in physical strength and functional fitness com-
pared to younger old people. They are less physically active and less functionally flexible and have significantly higher rates
of muscle-strength decline (Milanović et al., 2013). The above variation of functional impairments associated with increased
age gradually reduce the skills required for safe driving among older people (Dulisse, 1997). Increased age was found to be
negatively linked with the driving performance of older people (Lee et al., 2003). For those aged 70 and over, their road acci-
dent casualty rates are positively associated with age (Eberhard, 2008) and their risk of fatal injury is higher than that of
those aged 60 and 69 (Regev et al., 2018). The main contributor to this is their increased fragility with age (Christopher,
2013). Moreover, older people aged over 70 also have a higher possibility to be responsible for a road accident (Eberhard,
2008; Young and Bunce, 2011). The potential implication of the 70 years of age on the driving performance has been recog-
nised. In the UK, a car driving licence expires at the age of 70 years. After that, people need to renew their driving licences
every three years if they want to continue driving (Christopher, 2013; DVLA, 2019).
1.3. Research gap
Existing research about older people and vehicle automation has mainly focused on exploring the effect of age by com-
paring the behaviour and performance of a cohort of older people which is assumed to be homogeneous and younger coun-
terpart cohorts. A series of research has done by the current authors to compare the interaction with the level 3 automated
vehicle between older people and younger counterpart under the impact of different weather (Li et al., 2018), performing
different non-driving related tasks (Li et al., 2019b) as well as under the influence of different human–machine interfaces
(Li et al., 2019d). Significant impact of age on performance of taking over control from the level 3 automated vehicle was
observed. However, it is not clear if old people from different sub-groups of old age exhibit differences in performance,
behave in different ways or have divergent perceptions when interacting with automated vehicles. The cut-off of 70 years448
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older people (Forman et al., 1992; Morrison et al., 1997; Russell et al., 1999; Gallucci et al., 2009; Miller et al., 2016). Research
is urgently needed to answer questions related to whether it is wise to consider older people as a homogeneous cohort in
terms of travel and interacting with automated vehicles. A significant research gap remains in understanding whether tai-
lored support and assistance may be needed for any specific sub-groups of older people. While harnessing the opportunities
of automation to facilitate better health and quality of life in an ageing society, insufficient information and knowledge in
this area could potentially result in the design of automated vehicles according to a ‘one size fits all’ approach, consequently
ignoring the capabilities, needs and requirements of older people belonging to some specific sub-groups of old age. Such an
outcome may potentially prevent the automated vehicle to become the future mobility for older people and thus fail to deli-
ver the promise to fulfil the needs of a healthy ageing society.
1.4. Purpose of the research
To fill this gap in knowledge, this research details a driving simulator study that is aimed to investigate the differences in
performance, behaviour and perceptions when interacting with level 3 automated vehicles between older people from two
sub-groups of old age: a younger old group (60 to 69 year-olds) and an older old group (70 years and over).
The primary research hypotheses of this study are that:
 Younger older people (aged 60 and lower) exhibit significantly more rapid takeover of the control as well as better take-
over quality compared to the older old people (70 years and over).
 Younger older people have significantly different perception in terms of benefit and usefulness towards the level 3 auto-
mated vehicle compared to the older old people.
The first hypothesis is directional. It is derived from previous evidence that the decline in sensory, cognitive and psy-
chomotor capabilities gradually deteriorate the skill needed for safe operation of a conventional vehicle manually
(Dulisse, 1997) and driving performance of older people were found to be negatively correlated with increased (Lee et al.,
2003). Therefore, it is important to explore whether this evidence is transferable in the context of interacting with the level
3 automated vehicle. The second hypothesis is non-directional. It is derived from the fact that 70 years is the threshold that
older people’s role as a driver starts to change-they either renew their driving license every three years or cease driving alto-
gether (Christopher, 2013), thereby it would be worthy investigating how this may affect older people’s perception of auto-
mated vehicle in terms of benefits and usefulness.
2. Methods
2.1. Participants
To be eligible to participate in the current study, two criteria are applied when recruiting subjects: firstly they should be
aged 60 years and over; and secondly they should have valid UK driving licences and be an active driver at the time of par-
ticipation in the study. They were recruited from a user group of older people (called VOICE) which is based in the National
Innovation Centre for Ageing (NICA). This recruitment for participants was augmented by approaches to individuals in New-
castle upon Tyne. In total, 39 older people (mean age = 71.18 years, SD = 6.06 years; max = 81 years, min = 60 years; 16
female, 23 male) participated in the study. Among them, 15 were from the younger subgroup of old people (mean age =
64.87 years, SD = 3.46 years; max = 69 years, min = 60 years; 5 female, 10 male), and 24 were from the older subgroup
of older people (mean age = 75.13 years, SD = 3.35 years; max = 81 years, min = 70 years; 11 female, 13 male).
2.2. Driving simulator
This investigation took place in the Newcastle University driving simulator laboratory. It was located at the main campus
of Newcastle University and has been recently moved to the National Innovation Centre for Ageing (NICA). The driving sim-
ulator used in this study is a fixed-based ST Software Jentig50 driving simulator (Fig. 1). It provides the driver with an
approximately 270 degrees high resolution field of view through five 50-inch Full HD 1080p LCD displays. It includes all
of the controls of a real vehicle, including a dynamic force feedback steering wheel, accelerator pedal, brake pedal, clutch
pedal, adjustable car seat and safety belt. The dashboard, rear-view mirror and side mirrors are projected on the displays.
It is also equipped with a 5.1 surround sound system which enhances the fidelity of the driving experience. The control panel
and user interface of the driving simulator is accessed through a separate display which enables researchers to operate and
control the driving scenarios and monitor system status remotely without disturbing the participants while they are using
the simulator.449
Fig. 1. Newcastle University fixed-based ST software Jentig50 driving simulator.
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The level 3 automated vehicle scenario adopted in this study incorporates a full takeover control situation which repre-
sents a complex and important human–machine interaction in level 3 automated vehicles (Gold et al., 2013a; Radlmayr
et al., 2014; Gold et al., 2016; Li et al., 2019b). As Fig. 2 shows, the scenario starts with the driver turning on the engine
and the automation system starting to perform longitudinal and lateral vehicle control and to accelerate the vehicle from
0mph to 30mph (13.41 m/s) when driving on the city road or to 60mph (26.82 m/s) on the motorway, the level 3 automation
then maintain a constant speed of 30mph or 60mph in the centre of the left-hand lane of the dual carriageway for a duration
of one minute. During this one minute of level 3 automated driving, the drivers are allowed to take their hands off the steer-
ing wheel, and their feet off the pedals, and to be completely disengaged from driving and encouraged to safely perform aFig. 2. Illustration of the experimental design and level 3 automated driving scenario.
450
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the system detects a stationary red vehicle blocking the driving lane ahead, and then it informs the driver of this using a
visual and auditory takeover request (a red, large test, warning message is displayed on the screen ‘‘Take over control”
and a computer-generated female voice saying ‘‘Attention, please take over the vehicle control”). Such a automation
system-initiated takeover is demanding and complicated, which represents an important feature of level 3 automation vehi-
cles (Flemisch et al., 2008; Gold et al., 2013a; Melcher et al., 2015; Lu et al., 2016). Meanwhile, the automation system con-
tinues to drive at its steady speed. On the urban road, the automated driving system detects the stationary car with an
advance range of 268.20 m and informs the drivers with a lead time of 20 s. On the motorway, it detects the stationary
car as a hazard at a range from the driver’s car of 536.4 m and informs the drivers with a lead time of 20 s. The driver must
reassume control of the vehicle within the 20 s before the automated vehicle reaches the stationary car. As long as the
automation system detects active input from the driver (at least 2 degrees of steering wheel input and/or 10% of pressing
the accelerator or brake pedals), it transfers control of the vehicle to the driver. Then, the driver needs to overtake the sta-
tionary car by conducting a lane change. This scenario has been widely used in previous studies of level 3 automated vehicles
and has been proven to be effective in quantifying takeover performance (Gold et al., 2013a; Gold et al., 2016; Körber et al.,
2016). After the driver has passed the stationary car, she/he is asked to pull over in the left-hand lane and the scenario ends.
2.4. Experimental design
Corresponding to the aim of the study, a simple between-subjects experimental design was implemented. As illustrated
in Fig. 2, the between-subjects independent variable is subgroup of old age. It consists of two levels: younger old group aged
60–69 and older old group aged 70 and over. Each participant experiences four rounds of driving differentiated by different
weather conditions (clear weather, rain, snow, and fog). The impact of weather on takeover behaviour has been reported in
previous research (Li et al., 2018).
As shown in Table 1, several dependent variables were adopted to quantify participants’ takeover performance and
attitude.
A hasty takeover is adopted as a measurement for takeover quality. It refers to any takeover where drivers execute the
first active input to the level 3 automated vehicle before they have completely switched to the position of being ready for
driving, which could make the takeover risky. The first active input to the vehicle has been previously defined as a manoeu-
vre of changing the steering wheel angle by at least 2 degrees and/or a movement of 10% of the accelerator or brake pedal
positions (Gold et al., 2013b; Lu et al., 2016; Li et al., 2018; Li et al., 2019b; Li et al., 2019d). The position that is ready for
driving refers to the position when drivers have moved their eyes to the driving direction (centre line of the steering wheel
angle) and have put both their hands on the steering wheel and their feet on the pedals.
Driver’s takeover behaviour refers to the type of reaction strategy that driver adopted in response to the car ahead, for
example, steering only or steering and braking.
In addition, the time aspects of takeover include motor readiness time, takeover time and indicator time (Li et al., 2018; Li
et al., 2019b; Li et al., 2019d; McDonald et al., 2019; Zhang et al., 2019a). Motor readiness time is the time between the HAV’s
initiation of the takeover request and the point when participants have completely switched to the position that is ready for
driving. It measures how quickly the participants respond to the takeover request. Takeover time refers to the time between
the takeover request and the point when drivers generate their first active input to the automated vehicle. It was used to
quantify how quickly the participants input the control to the vehicle. Finally, indicator time is the time between the take-
over request and the driver’s input of the indicator signal for a lane change. It reflects the speed of a participant’s decision to
change lane to avoid the potential collision to the stationary car.
The time to collision (TTC) is an important parameter reflecting the level of the danger of a potential crash (van der Horst
and Hogema, 1993; Stevens, 2000). TTC means ‘the time required for two vehicles to collide if they continue at their present
speed and on the same path’ (Hayward, 1972; Happee et al., 2017). The minimal TTC that participants exhibited during the
situation of reassuming the control of the level 3 automated vehicles has been commonly adopted to measure the quality
and criticality of takeover behaviour (Körber et al., 2016; Happee et al., 2017; Gold et al., 2018). After the level 3 automationTable 1
Overview of the dependent variables.
Dependent variables Data Type Unit Data collection method
Motor readiness time Continuous Seconds Observation
Takeover time Continuous Seconds Driving simulator
Indicator time Continuous Seconds Driving simulator
Time to collision (TTC) Continuous Seconds Driving simulator
Resulting acceleration Continuous m/s2 Driving simulator
Steering wheel angle Continuous Degrees Driving simulator
Hasty takeover Nominal Count Driving simulator
Collisions and critical encounters (CCE) Nominal Count Driving simulator
Takeover behaviour Nominal Count Driving simulator
Attitude Ordinal N/A 7-Likert Scale Questionnaire
451
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participants in the vehicle to take over control, the TTC continues to decline until the participants brake or perform a lane
change to prevent the automated vehicle from colliding to the system limitation (Happee et al., 2017; Gold et al., 2018). A
TTC value of zero reflects a crash. The minimal TTC was derived up to the collision clearance point of the takeover situation
(Happee et al., 2017; Gold et al., 2018). To determine the collision clearance point, this research adopted a widely-used lat-
eral position-based definition which is the point where the centre of the automated vehicle departed the current lane where
the system limitation (stationary car blocking the road ahead) happens (Gold et al., 2018).
In addition, the driver’s resulting acceleration and steering wheel angle during the takeover process are adopted to mea-
sure takeover quality. The observation window is between the point when the driver receives the takeover request from the
automation system to the collision clearance point where the centre of the automated vehicle departed the current lane of
the system limitation.
Resulting acceleration reflects the force that the car has to pass to the road. The higher this value, the bigger the chance,
and it could reach the maximum physical limit of the braking manoeuvres centred on the car tyre; and therefore in this case
the driving is considered to be less stable and more dangerous (Gold et al., 2013a; Lu et al., 2016; Li et al., 2018; Li et al.,
2019c; Li et al., 2019d).




ð2ÞSteering wheel angle refers to the standard deviation in degrees of the central line of the steering wheel. It is a widely
used measurement to quantify takeover quality by reflecting the stability of the driver’s takeover (Stevens, 2000; Stevens
et al., 2002; Körber et al., 2016; Clark and Feng, 2017; Li et al., 2018; Li et al., 2019b; Li et al., 2019d; McDonald et al.,
2019). A smaller value of the steering wheel angle represents a more stable takeover.
The numbers of collisions and critical encounters (CCEs) which occurred during the experiments were used to assess the
quality of the takeover. The number of collisions involves all the crashes which happened during takeover, and the number of
critical encounters includes any takeover with a minimum TTC of <1.5 s, which is deemed as the time threshold for which
human drivers are highly likely to be involved in collisions (van der Horst and Hogema, 1993).
Finally, participant’s overall attitude towards the level 3 automated vehicle was measured by the 7-Likert scale question-
naire (1-Strongly Disagree to 7-Strongly Agree) after all the driving sessions end.
2.5. Research procedure and data analysis
The procedure used in the study was, firstly to select the method and design the experiments. The investigation plans
were then evaluated by the Newcastle University Ethical Committee. After approval for the study was received, the
researcher conducted a risk assessment following advice from Newcastle University’s Lone Working Safety Policy as well
as guidance in The Pathway to Driverless Cars: Code of Practice for Testing (DfT, 2015) before starting to work in the driving
simulator laboratory. The potential risks to participants and researchers when conducting this study were identified and cor-
responding risk management plans were formulated which were then reviewed by other members of the research team.
Then, the recruitment of older and younger old people was conducted through the older people user group-VOICE as well
as personal approaches in Newcastle upon Tyne. Before subjects arrived, the driving simulator as well as the level 3 auto-
mated driving scenario were set up and tested. When the subjects arrived at the lab, the subjects’ driving licences were
checked, and a safety briefing was delivered. Then, they were informed that their participation of the study was entirely vol-
untary and that they were free to withdraw at any time during the study without having to provide reasons, that all data
collected would be anonymised and not identifiable and access to it limited to the research team; and any material contain-
ing image of their faces would be completely blurred. Then, they completed the research consent form and the participant
information questionnaire. Next, they were guided to the driving simulator, and before starting the experiment, they were
given considerable time to become familiar with the vehicle controls of the driving simulator using a manual driving sce-
nario until they verbally indicated that they were comfortable and ready for the experiment. The level 3 automated driving
scenario was then explained briefly. Participants were informed that the scenario started with automated driving where they
should completely disengage from the driving by taking their hands off of the steering wheel, with their feet off the pedals,
and to read out loud the material displayed on the tablet when the vehicle was performing automated driving. They were
informed to stop the reading task and to take over control of the vehicle as soon as possible if they received any requests
to do so by the automation system. After taking over control of the vehicle, they should continue to keep driving until clearly
informed to stop, obeying the speed limit, indicating (using the indicator) when changing lanes and driving as they would
normally in real life.
The driving simulator collects a range of data with a frequency of 20 Hz. The data is in binary form and was then con-
verted into ASCII format. Data analysis was performed using IBM SPSS Statistics.452
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3.1. Participants annual mileage.
As indicated in Table 2, the younger old group (Mdn = 10000–15000 miles) had significantly longer annual mileage com-
pared to the older old group (Mdn = 3000–6000 miles) as assessed by a Chi-square test, X2 (4) = 13.861, p = 0.008.
3.2. Takeover behaviour and overall takeover performance
This section reports the results of the takeover behaviour and overall performance of participants when overtaking the
stationary vehicle after having taken over control from the automation system. The takeover performance of all participants
was illustrated in Fig. 3 using a PCA plot. It shows that the overall takeover performance of the older old people appears to
vary more greatly than the younger older people.
Participants’ takeover behaviour is displayed in Table 3. The majority of older drivers in both the younger and older
groups responded to the presence of the stationary car by only steering into the next lane. The percentage who responded
by only steering into the next lane is slightly higher in the group of people aged 70 and over compared to those aged 60 to 69.
Chi-square test yielded that there is no significant difference in takeover behaviour between the two groups, X2 (1) = 0.368,
p = 0.544.
3.3. Hasty takeover and CCE
This section reports the results for hasty takeovers and CCEs that participants exhibited when taking over control from
the automation system.
For hasty takeovers, the dotted red lines in the left-hand side of Fig. 3 represent y = x. If a data point falls on the left-hand
side of the y = x line (the highlighted red area), this suggests that a driver exhibited a higher reaction time than takeover
time, indicating that the driver generated active input to the controls of the automated vehicles before they had completely
switched to the manual driving position. As Table 3 and Fig. 3 show, the younger old group had a slightly higher percentage
of hasty takeover compared to the older old group. However, the difference was not statistically significant as assessed by a
Chi-square test, X2 (1) = 1.755, p = 0.185.
A CCE is defined as any takeover with a TTC<1.5 s (Li et al., 2019d) and the results are illustrated in the right-hand side of
Fig. 4. If a data points fall below the y = 1.5 s line, it suggests that a CCE was exhibited by a driver in a test drive. As shown in
Table 4, the group of drivers aged 70 and over exhibited a significantly higher rate of CCE compared to those aged 60 to 69 as
assessed by a Chi-square test, X2 (1) = 4.692, p = 0.030.
3.4. Motor readiness time
Motor readiness time (reaction time) measures how quickly participants responded to the takeover request issued by the
automation system by adjusting to the position of being ready for driving after performing the reading task. The distribution
of data and a descriptive analysis of motor readiness times are shown in Fig. 5 and Table 6. To investigate whether there is a
significant difference in motor readiness time between older people aged 70 and over and those aged 60 to 69, an indepen-
dent samples t-test was conducted. The results shown in Table 5 indicate that older people aged 70 and older (mean = 2.
984 s, SD = 0.766 s) exhibited significantly slower motor readiness times compared to those aged 60 to 69 (mean = 2.715
s, SD = 0.713 s), t(154) = 2.190, p = 0.030.
3.5. Takeover time
Takeover time measures how quickly participants generated their first active input to the vehicle controls following the
takeover request issued by the automation system. The distribution of data and a descriptive analysis of takeover time are
shown in Fig. 6 and Table 6. To investigate whether there is a significant difference in takeover times between older people
aged 70 and over and those aged 60 to 69, an independent samples t-test was conducted. The results shown in Table 5 indi-
cate that older people aged 70 and older (M = 4.851 s, SD = 2.006) exhibit significantly slower takeover times compared to
those aged 60 to 69 (mean = 3.491 s, SD = 1.130 s), t(152.599) = 5.409, p < 0.001.Table 2
Annual mileage driven by participants.
Annual mileage (miles) 0–3000 3000–6000 6000–10000 10000–15000 15000+ Total
Younger old 0 3 3 8 1 15
Older old 6 7 9 2 0 24
Total 6 10 12 10 1 39
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Fig. 3. Virtualization of overall takeover performance of the two age groups using a principal component analysis (PCA) biplot. The length of the arrows
represents the variance of each dependent variable. The angles between arrows reflect the correlation among the six dependent variables. The closeness of
the points represents approximately similar performance. Note: TTC in the biplot was presented as the lead time (20 s) minus the actual value of TTC.
Table 3
Steering and braking behaviours of the participants.
Counts (and percentage) of takeover behaviour
Steer only Steer and brake
Younger old group 45 (75%) 15 (25%)
Older old group 76 (79%) 20 (21%)
Fig. 4. Illustration of hasty takeovers and CCEs for the two age groups.
Table 4
Hasty takeovers and CCEs by the participants.
Counts (and percentage) of CCEs and hasty takeovers
Hasty takeovers CCEs
Younger old group 13 (22%) 11 (18%)
Older old group 13 (14%) 33 (34%)
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Fig. 5. Scatter and box plots showing the distribution of values of motor readiness time (reaction time) for the two age groups. The bottom and top of the
boxes show the first (Q1) and third (Q3) quartiles, and the line within the box shows the median; the lower-limit shows the Q1-1.5* interquartile range
(IQR), and the upper-limit the Q3 + 1.5 IQR. * denotes a significant difference between groups, where *= p  0.05.
Table 5
Independent samples T-test results for takeover performance by two age groups: motor readiness, takeover, and indicator time, TTC, resulting acceleration, and
steering wheel stabilization.




Motor readiness time (s)
Age group (Older old 70 and over ? Younger old 60–69) 2.190 154** 0.030 0.269" 0.026 0.511
Takeover time (s)
Age group (Older old 70 and over ? Younger old 60–69) 5.409 152.599*** <0.001 1.360" 0.863 1.857
Indicator time (s)
Age group (Older old 70 and over ? Younger old 60–69) 0.690 154 0.491 0.740; 2.859 1.378
Time to collision (s)
Age group (Older old 70 and over ? Younger old 60–69) 2.234 154* 0.027 1.707; 3.217 –0.198
Resulting Acceleration (m/s2)
Age group (Older old 70 and over ? Younger old 60–69) 3.698 150.408*** <0.001 1.346" 0.627 2.066
Steering wheel angle (degree)
Age group (Older old 70 and over ? Younger old 60–69) 4.773 146.063*** <0.001 4.732" 2.773 6.692
Note: "=increase, ;=decrease, significant differences were highlighted by *= p  0.05, **= p  0.01, ***= p  0.001.
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Indicator time measures how quickly participants made the decision to deal with the incident by conducting a lane
change following the takeover request issued by the automation system. The distribution of data and a descriptive analysis
of indicator time are shown in Fig. 7 and Table 6. To investigate whether there is a significant difference in indicator time
between older people aged 70 and over and those aged 60 to 69, an independent samples t-test was conducted. The results
shown in Table 5 indicate that there was no significant difference between the indicator times of older people aged 70 and
older (mean = 15.393 s, SD = 6.035 s) and those aged 60 to 69 (mean = 16.134 s, SD = 7.223 s), t(154) = 0.690, p = 0.491.
3.7. Time to collision (TTC)
TTC represents a valuable measure of takeover safety and measures the amount of time the driver has left until the col-
lision with the stationary vehicle would occur. It is calculated up to the point where the centre of the automated vehicle
departed the current lane that system limitation occurs. The distribution of data and a descriptive analysis of TTC are shown
in Fig. 8 and Table 6. To investigate whether there is a significant difference in TTC between older people aged 70 and over
and those aged 60 to 69, an independent samples t-test was conducted. The results shown in Table 5 indicate that older peo-
ple aged 70 and older (mean = 4.473 s, SD = 4.409 s) exhibited significantly smaller TTCs compared to those aged 60 to 69
(mean = 6.181 s, SD = 4.996 s), t(154) = 2.234, p = 0.027.455
Table 6
Descriptive analysis of results for the two age groups in reaction time, takeover time, indicator time, TTC, resulting acceleration, steering wheel angle and
workload.
Mean Median SD Min Max 95% confidence interval
Lower Upper
Motor readiness time (s)
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Fig. 6. Scatter and box plots showing the distribution of values of takeover time for two age groups. The bottom and top of the boxes show the first (Q1) and
third (Q3) quartiles, and the line within the box shows the median; the lower-limit the Q1-1.5* interquartile range (IQR), and the upper-limit shows
Q3 + 1.5 IQR. *** denotes a significant difference between the groups, where ***= p  0.001.
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Resulting acceleration measures the maximum force that driver generated between the takeover request to the collision
clearance point, where a greater value represents a more critical takeover. The distribution of data and a descriptive analysis
of resulting acceleration is displayed in Fig. 9 and Table 6. To investigate whether the age group of older people has a sig-
nificant impact on the value of resulting acceleration, an independent samples t-test was adopted. Results (Table 5) showed
that older people aged 70 and older (mean = 4.661 m/s2, SD = 2.626 m/s2) exhibited significantly greater resulting acceler-
ation compared to those aged 60 to 69 (mean = 3.314 m/s2, SD = 1.909 m/s2), t(150.408) = 3.698, p < 0.001.
3.9. Steering wheel stabilization
Steering wheel stabilization measures the standard deviation of the steering wheel angle that the driver exhibited when
taking over control from the automated system. A greater value represents a less stable takeover. The distribution of data and
a descriptive analysis of steering wheel stabilization are shown in Fig. 10 and Table 6. To investigate whether there is a
significant difference in steering wheel stabilization between older people aged 70 and over and those aged 60 to 69, an456
Fig. 7. Scatter and box plots showing the distribution of indicator time values for the two age groups. The bottom and top of the boxes show the first (Q1)
and third (Q3) quartiles, and the line within the box shows the median; the lower-limit shows Q1-1.5* interquartile range (IQR), and the upper-limit the
Q3 + 1.5 IQR.
Fig. 8. Scatter and box plots showing the distribution of value of time to collision for two age groups. The bottom and top of the box show the first (Q1) and
third (Q3) quartiles, and the line within the box shows the median; the lower-limit shows the Q1-1.5* interquartile range (IQR), and the upper-limit the
Q3 + 1.5 IQR. * denotes a significant difference between the groups, where *= p  0.05.
Fig. 9. Scatter and box plots showing the distribution of values of resulting acceleration for two age groups. The bottom and top of the boxes show the first
(Q1) and third (Q3) quartiles, and the line within the box shows the median; the lower-limit the Q1-1.5* interquartile range (IQR), and the upper-limit
shows Q3 + 1.5 IQR. *** denotes a significant difference between the groups, where ***= p  0.001.
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Fig. 10. Scatter and box plots showing the distribution of values of steering wheel stabilization for two age groups. The bottom and top of the boxes show
the first (Q1) and third (Q3) quartiles, and the line within the box shows the median; the lower-limit the Q1-1.5* interquartile range (IQR), and the upper-
limit shows Q3 + 1.5 IQR. *** denotes a significant difference between the groups, where ***= p  0.001.
Table 7
Summary of participants’ attitudes towards the level 3 automated vehicle.
‘‘The HAV is beneficial and helpful” Median Mode Mean % Positive attitude % Highly positive attitude













Note: A positive attitude refers to participants ‘answering 5, 6 or 7. Highly positive attitudes refer to participants’ answering 6 or 7.
S. Li, P. Blythe, Y. Zhang et al. Transportation Research Part F 78 (2021) 446–465independent samples t-test was conducted. The results shown in Table 5 indicate that older people aged 70 and older
(mean = 12.549 degrees, SD = 6.893 degrees) exhibited significantly higher values of steering wheel stabilization compared
to those aged 60 to 69 (mean = 7.817 degrees, SD = 5.411 degrees), t(146.063) = 4.773, p < 0.001.
3.10. Overall attitude
Older people’s overall attitudes towards level 3 automated vehicles were examined using a 7-point Likert scale question-
naire. As Table 7 shows, 84.6% of old people expressed generally positive attitudes and 61.5% expressed highly positive
attitudes.
The results of a Mann-Whitney U test showed that there was a statistically significant difference in old people’s attitudes
towards the level 3 automated vehicle between the younger old group and the older old group, U = 108.000, p = 0.031, with
the older old people (Mdn = 6) exhibiting significantly more positive attitudes compared to the younger old people
(Mdn = 5). The percentage showing positive attitude (7-Likert scale = 5,6 or 7) towards the automated vehicle was higher
among older old group (91.7%) than the younger old group (73.3%). However, this different is not statistically significant
as assessed by a Chi-square test, X2 (1) = 2.383, p = 0.123. The percentage of older people showing highly positive attitude
(7-Likert scale = 6 or 7) towards the automated vehicle was, however, significantly higher among older old group (79.2%)
compared to the younger old group (33.3%), X2 (1) = 8.193, p = 0.004.
4. Discussion
The current study aimed to investigate whether older people should be regarded as a homogeneous group in the context
of interacting with automated vehicles. The performance and behaviour during the process of taking over control as well
perceptions towards level 3 automated vehicles among older people from two sub-groups of old age-younger old group
(60 to 69 years old) and older old group (70 years of age and over) was compared. The results show that the sub-group
of old age has a significant effect on performance and behaviour when interacting with a level 3 automated vehicle.
Compared with younger older people in the age range of 60 to 69, the older old people aged 70 and over exhibited sig-
nificantly longer times to disengage from the reading task and switch to the manual driving task by positioning their hands
on the steering wheel, putting their feet on the pedals and directing their sight to the road (difference in motor readiness
time: 0.27 s); moreover, they also executed significantly slower first active inputs to the vehicle controls by turning the
steering wheel or pressing the pedals (difference in takeover time: 1.36 s). This corresponds with previous studies which
found that reaction time slows as people age (Van Asselen and Ridderinkhof, 2000; Yang et al., 2015). In comparison with458
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people when reassuming control from level 3 automated vehicle system, previous studies have yielded a much smaller mean
takeover time among older people. For example, Körber et al. (2016) found older people exhibited a takeover time of 2.62 s
when taking over control from the automated vehicle while being distracted by the 20 Questions task in zero traffic density
conditions; andWu et al. (2020) found a takeover time of 2.99 s among older people when they were assuming control of the
automated vehicle while being engaged in non-driving related tasks (watching videos and playing games). This could be
explained that the current study adopted a time budget of 20 s for older people to regain control of the automated vehicle
whereas previous studies have adopted a much shorter time budget (6 s and 7 s) (Körber et al., 2016; Wu et al., 2020). Short
warning time budget has been found to be linked with faster response (Mok et al., 2015). Another possible explanation could
be that the less time older people have, the greater urgency they may have perceived during the reassuming control of auto-
mated vehicles, which may have reduced their reaction time to the takeover request (Edworthy et al., 2000).
Besides, this study adopted three time-related parameters to measure participants’ takeover, the significant differences
between the younger older people and older old people mainly lie in the two parameters of executing the takeover action
(motor readiness time and takeover time). However, there is no significant difference between the two groups in terms of the
time of making the decision to respond to the stationary car ahead (indicator time). This finding could be explained as that in
the current study, participants on the level 3 automated vehicle were performing a mandatory reading task while suddenly
being requested by the level 3 automation system to reassume control of the vehicle. In this situation, the old people on
board must firstly perceive and understand the alert concerning retaking control initiated by the level 3 automation system,
then switch their attention from the reading task to the task of executing the action of taking over driving control of the vehi-
cle. Age is positively associated with the increased reaction time due to task-switching (Kray and Lindenberger, 2000; Van
Asselen and Ridderinkhof, 2000), which could lead to the slower time to execute the takeover action among the older old
people compared to their younger counterparts. In terms of the time of making decision to react to the system limitation,
since the level 3 automated driving scenario in this study has adopted a relatively long time budget (20 s) for participants
to react before reaching the system limitation. After obtaining the control of the vehicle there was still a relatively long dis-
tance between the automated vehicle and the stationary car ahead. The cautious nature of older people may facilitate them
to accumulate more information about the driving environment to carefully and thoroughly think and plan the action for
responding to the system limitation (Botwinick, 1966; Forstmann et al., 2011). This may have compensated for the age-
related difference in their decision-making speed and resulted in a similar indicator time between the two groups.
In terms of the quality of takeover, the older subgroup manifested a significantly more abrupt and less stable operation of
the steering wheel and pedals. This is in accordance that the age-related impaired limb mobility and flexibility as well as
reduced muscle strength could affect drivers’ ability to stably and accurately operate the steering wheel or shift their foot
between the accelerator and brake pedals to execute an effective manoeuvre (Kallman et al., 1990; Marmeleira et al.,
2009). In addition, older old people’s performance of responding to the system limitation was significantly worse (signifi-
cantly smaller TTC) compared to the younger subgroup, although the time they spent to make the decision of responding
to the system limitation (indicator time) was not significantly different. This may suggest that although a long time budget
may have minimised the age-related difference in decision-making speed between the older old people and younger old peo-
ple, it did not fully compensate for the negative impact of age on the reaction performance among the two groups. This find-
ing is in accordance with a study by Vaportzis et al. (2013), although their research is not fully comparable with the current
study, they observed similar findings that when performing complicated reaction time tasks, older people reacted as fast as
their younger counterparts, but their performance is significantly worse. Future research is needed to investigate the age-
related changes in the relationship between decision-making time and task performance among older people of different
age sub-groups when interacting with automated vehicles.
In general the findings of this study support those of previous research into the impact of age on driving performance in
conventional cars, indicating that older old people (aged 70 and over) are more risky than those aged 60 to 69 in terms of
road safety and likely involvement in car crashes, and their fatality rate increases sharply due to age-related physical fragility
(Rakotonirainy et al., 2012; Christopher, 2013). The findings of the current study can be explained in terms of the fact that
the key innovation of level 3 automation is to allow the drivers on-board to be both physically and mentally disengaged from
the vehicle driving process so that they can safely engage in non-driving related tasks (SAE, 2014; Li et al., 2018; Li et al.,
2019b; Li et al., 2019d). When the automation system unexpectedly initiates the request of intervene, the drivers on-
board must stop performing the non-driving related activities, perceive the environment, regain their situation awareness,
process the perceptual information received, make decisions and execute decisional processes necessary to take back control
of the vehicle and operate it safely to prevent a collision with the stationary car ahead in the driving lane (Endsley, 1995; Li
et al., 2018; Li et al., 2019d). This means that the entire process of the transition of control would demand a driver’s level 2
situation awareness so as to perceive all of the relevant information in the environment in which control is to be taken over,
as well as level 3 situation awareness in order to fully comprehend all of the information perceived in the situation in order
to gain control of the vehicle at the operational and tactical levels (Michon, 1985; Endsley, 1995; Matthews et al., 2001; Li
et al., 2019d). Such a complicated process would require the combination of a variety of visual, auditory, cognitive and psy-
chomotor functionalities on the part of the driver, including sensory perception, auditory acuity, selective and divided atten-
tion, and executive cognitive functions, as well as physical strength and functional fitness (Rodríguez-Aranda et al., 2006;
Shanmugaratnam et al., 2010; Emmerson et al., 2013; Milanović et al., 2013; Murman, 2015). Age-related impairments
on these functionalities are generally more significant among older old people aged 70 and over compared to those aged459
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Falkenstein, 2016).
Moreover, results showed that greater variation has been found in most of the measurements quantifying takeover per-
formance (e.g., reaction time, takeover time, resulting acceleration and steering wheel angle) among older old group com-
pared to the younger older group. This could be explained as that there is a positive relationship between the age of age
group and the level of variation in their cognitive, physical as well as sensory functionalities (Lafortune et al., 2009;
Santoni et al., 2015). This finding creates a need for the future research to group older people based on the variation of their
functional impairments as well as capabilities and explore how such age-related variation impact their performance when
interacting with automated vehicles. The outcome of such research could be useful to distinguish the varied needs among
older people and provide tailored support and assistance correspondingly when using automated vehicles. Moreover,
post-hoc finding of the participants’ annual mileage of the current study showed that the younger old group (Mdn = 1000
0–15000 miles) exhibited significantly longer annual mileage compared to the older counterpart (Mdn = 3000–6000 miles),
which corresponds to previous evidence that the annual mileage travelled by those aged 70 and over is about half of that for
younger older people aged 60 to 69 (DfT, 2014). The lower annual mileage has been found to be positively associated with
the higher prevalence of kidney disease, cognitive decline and far vision impairments among older people (Lyman et al.,
2001). Such greater levels of decline in sensory, cognitive, and psychomotor functionalities among older old people could
potentially make them more disadvantaged and vulnerable in terms of fulfilling the complicated and demanding tasks of
reassuming control from level 3 automated vehicles.
Overall, the findings of the current study correspond with those of previous research which emphasize that older people
should not be treated as a homogeneous group in terms of transport and mobility. Difference in needs, requirements and
driving behaviour between younger older people and older old people should be clearly recognised and fully understood
in order to better support their wellbeing and quality of life in an ageing society (Alsnih and Hensher, 2003).
Regarding older people’s perceptions towards automated vehicles, the current research finds that the majority of older
people who participated in this study (84.6%) exhibited optimistic and confident attitudes (responses on the 7-Likert scale
of 5,6 and 7) towards level 3 automated vehicles. Moreover, 61.5% expressed highly positive attitude (responses of 6 and 7).
This supports the argument that older people are keen to accept new technology (Vaportzis et al., 2017). In addition, it cor-
responds with a previous study by the present authors exploring older people’s perception and requirements of automated
vehicle from a qualitative perspective where older people were positive about the level 3 automated vehicles and perceived a
variety of beneficial use (Li et al., 2019c). One explanation for the current findings could involve the first-hand experience of
participants interacting with the automated vehicle on the driving simulator (Li et al., 2019c). Old people are not always pre-
pared to be digitally engaged (Damodaran and Olphert, 2015) and they represent a major proportion of the group who has
limited access to the internet (ONS, 2014). It is possible that, before participating in the current research, they may not have
had sufficient and detailed information about human–machine interaction in level 3 automated vehicles and may have had
little understanding of what they could signify in terms of their independence and mobility. Therefore, the hands-on expe-
rience gained in this study may have been an important facilitator of their positive perceptions (Lee et al., 2015; Li et al.,
2019c). Meanwhile, although the older old participants in this study exhibited a significantly poorer performance in taking
over control from the automated vehicle, they expressed significantly more positive attitudes towards level 3 automated
vehicles compared to their younger old counterparts. One possible reason for this could be that 70 years of age is the point
at which driving licences expire in the UK. In order to renew their driving licences, drivers must declare to that DVLA that
they are fit to drive and do not have any medical conditions affecting their safe driving abilities (Christopher, 2013; DVLA,
2019). Because of this, the opportunity to interact with a level 3 automated vehicle in this study might have had a greater
impact on participants aged 70 and over and they may have appreciated the greater potential of vehicle automaton in terms
of compensating for their functional impairments. They could have realised that it might represent a potential alternative
future mobility option rather than having to inform the DVLA and stop driving altogether, which may also have resulted
in significantly higher positive attitudes towards automated vehicles (Li et al., 2019c; Musselwhite and Scott, 2019).
5. Conclusion
Exploring the future mobility options for older people is imperative for maintaining wellbeing and quality of life in an
ageing society (Guo et al., 2010; Shergold et al., 2015; Li et al., 2019d). Although the potential advantages of vehicle automa-
tion for older people’s mobility, independence and wellbeing have already been recognised in previous research, older peo-
ple have been regarded as a homogeneous group. A key knowledge gap remains concerning whether older people should be
treated as a homogeneous group in terms of their capabilities, performance, and perceptions when interacting with auto-
mated vehicles. To answer this question, the current driving simulator study aimed to investigate the impact of age on
the performance and perception of interacting with a level 3 automated vehicle by distinguishing between two subgroups
of older people who are-younger older people (aged 60–69 years) or older old people (aged 70 and over years). The findings
of the investigation indicate that older people should not be regarded as a single cohort when researching age and vehicle
automation. Those in different subgroups of old age exhibit significantly different performance and perceptions when
interacting with the level 3 automated vehicles. Compared to the younger old subgroup (aged 60–69), older old subgroup
(aged 70 and over) showed more disadvantaged performance when taking back control over the level 3 automated vehicle.460
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control of the vehicle more slowly, and their takeover quality was less stable and more critical. In addition, greater variation
in most measurement for takeover performance was found among the older old people. However, although both the younger
and older subgroups of older people exhibited positive perceptions towards level 3 automation, the older old people’s per-
ceptions were significantly more positive. This study demonstrates the importance of regarding older people as a heteroge-
neous group in terms of the impact of age on older people’s performance, capability, needs and requirements when
interacting with automated vehicles.
The findings of this study have important implications for the development and realisation of age-friendly automated
mobility. For policymakers, the findings indicate that, in terms of relevant policy regarding eligibility for operating level 3
automated vehicles, the current age threshold of 70 years as adopted by DVLA (2019) for the renewal of driving licences
for conventional human-operated vehicles where drivers must declare their fitness to drive may still be worthy of consid-
eration if vehicles equipping with level 3 automation systems are to be released on the market. To ensure the safety of people
on-board and that of other road users, fitness to take over control and any potential functional impairments affecting taking
over control could be important criterions when reviewing eligibility to operate level 3 automated vehicles as well as devel-
oping regulations regarding the support required for specific user groups. Additional research and tests need to be devised
and undertaken to confirm this. Moreover, there may also be a need to promote the development of automated vehicles with
higher autonomous functionalities (SAE levels 4 or 5) as a future mobility option for older people, (Li et al., 2018), which
would be especially useful for the older old who adopt regulatory driving practices as well as those who have ceased driving.
The present findings also reinforced the importance of not regarding older people as a homogeneous group and of distin-
guishing between the different functional declines, capabilities, needs and requirements among different subgroups of older
people when researching mobility and ageing issues (Alsnih and Hensher, 2003; Gallucci et al., 2009; Christopher, 2013). In
addition, the current research highlights the importance of those in the medical professionals and the ageing and vehicle
automation research communities working collaboratively to more precisely understand older people’s sensory, cognitive
and psychomotor needs when interacting with automated vehicles and to explore suitable and age-friendly future mobility
alternatives for them. For car makers and original equipment manufacturers (OEMs), the current findings highlights the
importance of enabling end-users to experience automated vehicles to enrich their perceptions, and strengthen the signif-
icance of incorporating older people’s needs and performance capacities in the development process (Li et al., 2019c). With
the UK’s Government recognising that the Future of Mobility and the Ageing Society being two of the four Grand Challenges
that the Industrial Strategy are underpinned by – illustrates that the research is addressing important current issues and
opportunities in the UK to make automated vehicle useable by the whole population and in particular the growing number
of older people who aspire to remain mobile for longer (HMG, 2017).
Although this study yielded important knowledge, there are still limitations. To begin with, the current study adopted a
quantitative methodology to compare the performance and perceptions of two subgroups of older people aged 60 to 69 and
70 and above. Future research is necessary to explore the differences in acceptance, needs and requirements in relation to
vehicle automation among younger old and older old groups from a qualitative perspective. Also, the current research
enabled older people to resume the control of the vehicle from the level 3 automated driving system under four types of
weather conditions (clear weather, rain, snow and fog). However, the level 3 automated driving scenario implemented on
the particular driving simulator has only included the visual impact of adverse weather conditions including visual distrac-
tions and reduced visibility (Li et al., 2018). Some other negative affect of adverse weather such as the effect on road surface,
including slippery surfaces, longer braking distances, cumulative snow, were not considered. In addition, the speed of vehicle
under different weather conditions were assumed same. New plan has been introduced to design and develop an enhanced
level 3 automated driving scenario fully incorporating the impact of adverse weather not only on visual distractions and
reduced visibility but also on the road surface and vehicle speed. In addition, more types of adverse weather conditions will
be added to the enhanced level 3 automated driving scenarios, such as night snow, night rain, night fog, windy snow, in addi-
tion to the existing four. Then, a new piece of research specifically focusing on how adverse weather conditions would affect
different subgroups of older people will be conducted using the enhanced scenario. Moreover, due to the limitation of the
existing level 3 automated driving scenario, the current study only adopted a lateral position-based definition of TTC to eval-
uate the criticality of the takeover situation (Happee et al., 2017; Gold et al., 2018). However, such definition does not con-
sider the vehicle heading which decides if the straight-line trajectory of the current vehicle path will result in a crash with
the stationary car ahead (Happee et al., 2017). It is necessary for the future research to also consider the vehicle heading-
based definition of TTC which is calculated based on the collision clearance point where the straight-line trajectory of vehicle
path does not overlay with the stationary car ahead anymore (Happee et al., 2017). Apart from that, the current research
suggest that the older subgroup of old people exhibit disadvantaged performance during the transition of control from
the automated vehicle, and so worthwhile future research could identify factors contributing to this finding as well as
explore and evaluate suitable support and assistance tailored for them. This study adopted sub-group of old age as the
between-subject independent variable, there are other between-subjects factors present, for example, gender, older people’s
self-regulatory driving behaviour, older people’s self-reported functional impairments, older people’s experience of using
Advanced driver-assistance systems (ADAS). It is imperative for the future research to explore how these factors could influ-
ence older people’s interaction with automated vehicles. Also, this research observed substantial variation in performance
among older people aged 70 and over, it would be important for future research to identify the factors contributing to
the great variation and explore mitigation strategies for older people performed poorly when using automated vehicles.461
S. Li, P. Blythe, Y. Zhang et al. Transportation Research Part F 78 (2021) 446–465The sample of participants in the current study was not equal for the younger and older sub-groups of older people and it
under-represented the oldest old people aged 85 and over, and it could be important for future research to adopt equal sam-
ple size for the two groups and also explore if those aged 85 and over might interact with automated vehicles in different
ways compared to younger older counterparts as well as middle-aged people (Chen et al., 2019). Moreover, the current study
adopted a single non-driving related reading task to disengage participants from driving. Considering that multitasking sig-
nificantly worsen the takeover performance (Li et al., 2019a), future research could investigate what this means for the older
people in terms of interacting with automated vehicles. The automated driving duration adopted in this study is one minute,
future research could explore older people’s interaction and behaviour when they expose to automated driving for a much
longer duration. Finally, future interdisciplinary research collaboration involving medical, ageing and vehicle automation
research professionals could be useful not only to explore age-friendly mobility solutions for the older people but also to
facilitate the delivery of user-friendly future mobility for people of all ages and ultimately to benefit the entire society.
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